We explored transcriptional responses of the fission yeast Schizosaccharomyces pombe to various environmental stresses. DNA microarrays were used to characterize changes in expression profiles of all known and predicted genes in response to five stress conditions: oxidative stress caused by hydrogen peroxide, heavy metal stress caused by cadmium, heat shock caused by temperature increase to 39°C, osmotic stress caused by sorbitol, and DNA damage caused by the alkylating agent methylmethane sulfonate. We define a core environmental stress response (CESR) common to all, or most, stresses. There was a substantial overlap between CESR genes of fission yeast and the genes of budding yeast that are stereotypically regulated during stress. CESR genes were controlled primarily by the stress-activated mitogen-activated protein kinase Sty1p and the transcription factor Atf1p. S. pombe also activated gene expression programs more specialized for a given stress or a subset of stresses. In general, these "stress-specific" responses were less dependent on the Sty1p mitogen-activated protein kinase pathway and may involve specific regulatory factors. Promoter motifs associated with some of the groups of coregulated genes were identified. We compare and contrast global regulation of stress genes in fission and budding yeasts and discuss evolutionary implications.
INTRODUCTION
All cells sense and react to changes in their environment. Single-celled organisms, in particular, must contend with fluctuations in nutrients, pH, temperature, and external osmolarity, as well as exposure to UV irradiation and a range of potentially toxic environmental compounds. Appropriate responses to these environmental stresses must be induced for cell survival and proliferation. A comprehensive characterization of these responses, the mechanisms involved in sensing stress, the signaling pathways transmitting this information within the cell, and the resulting compensatory changes in physiology and gene expression, is essential in understanding how cells adapt and survive under nonideal conditions.
Exposure to low levels of stress often triggers an adaptive response resulting in a transient resistance to higher levels of the same stress. This adaptation to stress can also lead to increased resistance (or cross-protection) to other types of stress (Jamieson, 1992; Lee et al., 1995; Moradas-Ferreira and Costa, 2000) . The adaptive response is short-lived and requires new protein synthesis, indicating that changes in gene expression are critical. The phenomenon of cross-protection suggests either that different stress conditions can activate similar defense mechanisms or, more broadly, that there is a general stress response that can confer a basic level of protection.
The advent of DNA microarrays (Shalon et al., 1996) allows comprehensive analyses of changes in gene expression that accompany stress responses. Whole genome expression profiling studies have revealed general responses to stress in the budding yeast Saccharomyces cerevisiae Causton et al., 2001) . These studies have found that 10% to 14% of all genes are induced or repressed in response to a wide range of stresses. Induced genes are involved in various processes, including carbohydrate metabolism, detoxification of reactive oxygen species, protein folding and degradation, vacuolar and mitochondrial functions, autophagy, and metabolite transport. Repressed genes are generally involved in energy consuming and growth-related processes, including RNA processing, transcription and translation, and biosynthesis of ribosomes and nucleotides. These stereotypical changes known as the environmental stress response (ESR; Gasch et al., 2000) or the common environmental response (CER; Causton et al., 2001 ) are transient and graded to the type and intensity of stress (reviewed by Gasch, 2002) .
In the fission yeast Schizosaccharomyces pombe, the Sty1/ Spc1/Phh1p protein kinase pathway is involved in the regulation of numerous stress responses: the Sty1p kinase is phosphorylated and activated by different stress stimuli and inactivation of the kinase results in pleiotropic stress sensitivity (Millar et al., 1995; Shiozaki and Russell, 1995; Degols et al., 1996; Degols and Russell, 1997; Shieh et al., 1997) . Thus, Sty1p is predicted to play a key role in mediating a general stress response. Components of this mitogen-activated protein kinase (MAPK) cascade are homologous to components of the HOG1 osmosensing MAPK pathway in S. cerevisiae and to the mammalian and Drosophila JNK and p38 stressactivated protein kinase cascades . Notably, the Sty1p, JNK, and p38 pathways are activated by a range of stresses, whereas the HOG1 pathway appears to have been specifically adapted to sense and respond to osmotic stress.
Sty1p regulates stress-dependent transcription, at least in part, through a b-ZIP transcription factor, Atf1p (Takeda et al., 1995; Shiozaki and Russell, 1996; Wilkinson et al., 1996; Yamada et al., 1999; Nguyen et al., 2000) . This is analogous to the situation in mammalian cells where the transactivation potential of ATF2, a homolog of Atf1p, is regulated by the JNK and p38 protein kinases (Tibbles and Woodgett, 1999) . After stress, Atf1p is phosphorylated by Sty1p and anchors Sty1p in the nucleus. Moreover, atf1 mutants show defects in stress-and Sty1p-dependent transcription. However, these mutants only display a subset of the stress sensitivities seen in sty1 mutants, suggesting that Sty1p controls other as yet unidentified proteins Wilkinson et al., 1996; Gaits et al., 1998) .
The genome sequence of fission yeast has recently been reported , setting the stage for postgenomic approaches in this model organism. This paper describes a genome-wide study of transcriptional changes that accompany five commonly used stresses, both in wild-type as well as in sty1 and atf1 mutant cells of S. pombe. This analysis provides: a comprehensive overview of cellular responses to environmental stress; insight into how the cell integrates information concerning the state of its environment, through analysis of regulatory mutants and stress-responsive promoter elements and; a baseline from which we can compare and contrast responses to other stress stimuli as well as similar responses in other organisms.
MATERIALS AND METHODS

Strains
We used the wild-type strain 972 h - (Leupold, 1970) and two isogenic mutant strains sty1⌬ (sty1::ura4 ϩ ura4-D18 h -) and atf1⌬ (atf1::ura4 ϩ ura4-D18 h -). sty1⌬ and atf1⌬ were derived from auxotrophic strains (Millar et al., 1995; Takeda et al., 1995, respectively) by crossing out markers.
Stress Experiments, Cell Collection, and RNA Isolation
The three strains were cultured in yeast extract (YE) medium (http://www.bio.uva.nl/pombe/handbook/) at 30°C, shaken in flasks at 170 rpm until reaching OD 600 ϭ 0.2 (ϳ4 ϫ 10 6 cells/ml). Cells were harvested immediately before as well as 15 and 60 min after stress treatment from the same culture. Stress conditions were as described below. Oxidative stress: hydrogen peroxide (H 2 O 2 ; H1009; Sigma, St. Louis, MO) was added to a final concentration of 0.5 mM. Heavy metal stress: cadmium sulfate (CdSO 4 ; C2919; Sigma) was added to a final concentration of 0.5 mM. Heat stress: cells were quickly transferred from 30°C to a large prewarmed flask in a 39°C water bath, reaching temperature equilibrium after 2 min. Osmotic stress: cells were grown to OD 600 ϭ 0.4, and an equal volume of prewarmed YE ϩ 2 M sorbitol was added to a final concentration of 1 M sorbitol. Alkylating agent: methylmethane sulfonate (MMS; 64294; Fluka, Buchs, Switzerland) was added to a final concentration of 0.02% (w/v). Cells were collected by gentle centrifugation (2000 rpm for 2 min), and pellets were frozen immediately in liquid nitrogen. We isolated total RNA using a hot-phenol protocol (for details, see our website: http://www.sanger.ac.uk/ PostGenomics/S_pombe/).
Target Labeling, Microarray Hybridization, and Data Acquisition
Twenty micrograms of total RNA was labeled by directly incorporating Cy3-and Cy5-dCTP through reverse transcription and the resulting cDNA was hybridized onto DNA microarrays containing probes for 99.3% (H 2 O 2 and cadmium experiments) or 99.9% (heat, sorbitol, and MMS experiments) of all known and predicted fission yeast genes printed in duplicate onto glass slides (for details on protocols and microarrays, see our website). Microarrays were scanned using a GenePix 4000B laser scanner (Axon Instruments, Foster City, CA) and analyzed with GenePix Pro software. Unreliable signals were filtered out, and data were normalized using a customized Perl script (local adjustment of median of ratios to 1 within running windows of 1000 spots; G. Burns, R. Lyne, J. Mata, G. Rustici, D. Chen, D. Vetrie, and J. Bähler, manuscript submitted).
Experimental Design
The five stress time course experiments with the wild-type and sty1⌬ strains were performed as two independent biological repeats (except the H 2 O 2 and cadmium experiments in sty1⌬, which were done once), and the experiments with the atf1⌬ cells were done once each. Labeled samples from each stress time point of the wild-type and mutant experiments were hybridized with a labeled reference pool, containing an equal amount of all the RNA samples from the wild-type time points of the corresponding stress. For duplicate experiments, the Cy dyes were swapped for the experimental and reference samples. After data acquisition and within-array normalization, the ratios of each gene (time point/reference pool) were divided by the corresponding ratios of untreated wild-type cells (0 h wild type/reference pool). Thus, the reported ratios represent the expression levels at each time point relative to the expression levels of the untreated wild-type cells from the same stress experiment. Because of the relative importance of the measurements for untreated wild-type cells, we performed two technical repeats of these arrays (with swapping of fluorochromes) and used the averaged data to "zero-transform" the data of all stress time points from wild-type and mutant cells. Expression ratios of biological repeat experiments (wild-type and sty1⌬ strains) were averaged. In total, 67 microarrays were used in this study. The complete processed data set is available from our website, and all raw data will be available from the ArrayExpress repository: www.ebi.ac.uk/ arrayexpress.
Data Evaluation, Hierarchical Clustering, and Gene Classification
We used SAM (Tusher et al., 2001) and GeneSpring (Silicon Genetics, Redwood City, CA) to discard genes that did not behave reproducibly between biological duplicate experiments. Hierarchical clustering was performed with preselected log-transformed gene sets using Cluster and TreeView software (Eisen et al., 1998) , with uncentered Pearson correlations and average linkage clustering. Genes with 50% of data points missing were not used. The criteria used to select various groups of stress genes (using GeneSpring) are given below. Gene annotations were taken from GeneDB at the Sanger Institute: http://www.genedb.org/genedb/pombe/index.jsp.
Identification of CESR and SESR Genes. Genes induced at least twofold at either 15 or 60 min were identified. Among those genes, we selected induced CESR genes as those that were up-regulated in at least four of the five stress conditions. Repressed CESR genes were selected as those being down-regulated twofold or greater in at least three of the five stress conditions. We subtracted these induced CESR genes from the genes that were up-regulated twofold or greater in at least one stress to identify induced SESR genes.
Identification of "Stress-Specific" and Super-Induced Genes. Among the genes that were induced at least twofold at either 15 or 60 min in a given wild-type stress experiment, we selected "stressspecific" genes as those that were induced at least twice as highly in the stress of interest than in any of the other four stresses. This procedure also identified CESR genes that were more highly induced in the given stress. These "super-induced" genes were subtracted from the "stress-specific" genes and listed separately (lists available from our website).
Identification of Sty1p-and Atfp1-Dependent Genes. We selected genes that required Sty1p and/or Atf1p for induction among the genes that were induced at least twofold in a given wild-type stress experiment and were also induced at least twice as highly in the wild-type cells than in sty1⌬ or atf1⌬ cells in the same stress. Among those genes, we selected genes that were Sty1p-or Atf1p-dependent in at least three of the five stress conditions. Various groups of Sty1p-and/or Atf1p-dependent genes were also selected based on cluster analysis ( Figure 5A ).
We selected genes that required Sty1p and/or Atf1p for repression among the genes that changed Ͻ2-fold in a given wild-type stress experiment and were also induced at least twice as highly in sty1⌬ or atf1⌬ cells than in wild-type cells in the same stress. We then selected Sty1p-or Atf1p-repressed genes as those that were repressed in at least three of the five stress conditions. Comparison of the Sty1p-and Atf1p-repressed genes allowed us to identify genes that were repressed by both Sty1p and Atf1p and genes that were repressed by Sty1p but not by Atf1p.
Comparisons with Budding Yeast Data
Gene lists of S. cerevisiae CER/ESR genes were downloaded from the accompanying websites of Gasch et al. (2000) and Causton et al. (2001) . Genes with a prospective S. pombe ortholog were determined using a table of curated orthologs created by mutual highest gene hits using FASTA aided by manual inspection of pairwise alignments and domain organization (Val Wood, personal communication; available from the Sanger Institute FTP site: http://www. sanger.ac.uk/Projects/S_pombe/ftp.shtml) and imported into GeneSpring. The total number of orthologs available at the time of analysis was 2842. CESR genes that were induced (314 genes) or repressed (424 genes) were selected based on cluster analysis (Figure 1A ; lists available from our website). These genes were translated into S. cerevisiae homologs using the ortholog table and list comparisons were performed with GeneSpring. Approximately seventeen hundred genes whose transcript levels changed significantly by at least twofold in one or more of the stress conditions were hierarchically clustered based on their expression patterns in the five time course experiments (Eisen et al., 1998; see "Materials and Methods") . Horizontal strips represent genes, and columns represent experimental time points. The fold changes in expression, relative to the untreated wild-type sample (time point 0), are color-coded as shown in the bar. The labels on the right indicate CESR induced genes (red; Table  1 ) and repressed genes (green) that were chosen based on conservative criteria as described in "Materials and Methods." (B) Average expression patterns of the CESR-induced (red) and -repressed (green) genes as labeled in A in the five stress conditions.
Discovery of Statistically Significant Sequence Motifs
We searched upstream intergenic regions of limited length (up to 1000 base pairs) for sequence motifs that were statistically overrepresented for our sets of coexpressed stress-response genes. The sequences were extracted from S. pombe chromosome release 22.03.2002 on the Sanger Institute FTP site in EMBL format. The search was carried out by the SPEXS tool available online from http://ep.ebi.ac.uk (Brazma et al., 1998; Vilo, 1998) . Given a set of upstream sequences, this tool searches exhaustively for all possible sequence patterns that are common to a minimum number of sequences in the set. For each of these motifs, SPEXS calculates the statistical significance of its occurrence with respect to a control set of sequences, which in our case was the total set of intergenic sequences.
Generally, we limited the query motif to substrings of arbitrary length that contained up to one "wild-card" (N), but in some cases, we used more general patterns (i.e., with one or two group character symbols). The statistical significance was calculated according to the binomial distribution (Vilo et al., 2000) . To assess the significance thresholds for each set, we repeated this process on sets containing the same number of intergenic sequences selected at random, repeating the randomization three times independently. We reported only the patterns clearly above the significance threshold (with the binomial probabilities at least 10 times smaller than the lowest probabilities in any of the randomized sets) and with the selected group of upstream sequences enriched for the motif at least twofold compared with all intergenic regions.
RESULTS
Overview
We performed genome-wide expression analyses upon exposure of cells to a range of noxious conditions. Wild-type cells as well as sty1 and atf1 deletion cells were subjected to osmotic stress (1 M sorbitol), oxidative stress (0.5 mM H 2 O 2 ), heavy metal stress (0.5 mM CdSO 4 ), an alkylating agent (0.02% MMS), and heat stress (temperature shift from 30°C to 39°C). These conditions were chosen because they caused good induction of known stress genes with minimal cell death (50% viability). RNA samples were collected before and after 15 and 60 min of stress treatment and were analyzed by DNA microarray hybridization. Figure 1A shows a cluster analysis of ϳ1700 genes whose expression levels changed by twofold or greater in at least one of the stress time points. There are two main clusters: one with genes that were induced and one with genes that were repressed in response to stress. Among these stress response genes, a subset was induced or repressed by all or most stresses examined. We call these CESR genes for core environmental stress response. Other genes responded in a more stress-specific way, showing expression changes that are shared between a few, but not all, stresses (referred to as SESR genes for specific environmental stress response). A subset of the SESR genes were specifically induced in only 1 of the 5 stresses ("stress-specific" genes).
The kinetics of the transcriptional response varied for each of the stress conditions ( Figure 1 ): whereas the responses to heat, sorbitol, and cadmium were rapid and transient, the responses to H 2 O 2 and MMS persisted for at least 1 h. This was true for both induced and repressed genes, which behaved with similar kinetics despite opposite patterns of gene expression ( Figure 1B ). In addition, the magnitude of the transcriptional responses also varied for each stress under the conditions used, both in the number of genes involved and in their relative induction levels. The transcriptional responses to sorbitol and MMS were weaker than the responses to the other three stresses (Figures 1 and 2 ). The numbers of genes induced specifically in only one stress were relatively small and varied significantly from one stress to another ( Figure 2 ). H 2 O 2 and heat stress led to the induction of the largest number of genes, whereas MMS triggered expression changes in the fewest genes. The numbers and types of genes induced during stress are expected to depend also on the dose of a given stress (see "Discussion"). A list of genes that were induced threefold or greater in at least one stress, together with information on regulation in the five stresses and dependency on Sty1p and/or Atf1p, is available from our website: http://www.sanger. ac.uk/PostGenomics/S_pombe/. This site also contains a range of stress-related gene lists and a graphical gene viewer tool to check the behavior of specific genes during stress.
The Core Environmental Stress Response (CESR)
Induced CESR Genes. We defined the induced CESR genes as being reproducibly induced twofold or greater in at least four of the five stresses examined. 140 induced CESR genes were identified in this way (Table 1) , of which 79% have not been characterized in fission yeast. There were many more genes that were consistently induced in response to all stresses but failed to make the twofold cutoff in some of the responses ( Figure 1A) . Therefore, the genes in Table 1 should be regarded as a conservative representation of CESR genes. A few of these genes are in fact pseudogenes, and their stress regulation may therefore be an evolutionary remnant. The average expression profiles of the CESR genes are shown in Figure 1B . The histogram shows the numbers of genes that are induced at least twofold, together with the number of CESR genes and the number of the "stress-specific" genes for each of the five stress experiments. CESR and "stress-specific" genes were determined using criteria described in "Materials and Methods."
Global Stress Responses in Fission Yeast
Vol. 14, January 2003 The induced CESR genes encode proteins that are involved in a variety of functions. Many are known or predicted to function in carbohydrate metabolism, such as the synthesis (e.g., tps1) or degradation (ntp1) of the stress-protectant sugar trehalose, the generation of NADPH reducing equivalents (zwf1 and SPAC3C7.13c, which encode glucose-6-phosphate dehydrogenases), and fructose metabolism (SPBC24C6.09c, encoding a predicted fructose-6-phosphate phosphoketolase). NADPH can also be synthesized via succinate semialdehyde dehydrogenase encoded by the CESR gene SPAC139.05. A role for this enzyme in the response to stress has been suggested in S. cerevisiae (Coleman et al., 2001) . Other CESR genes encode antioxidants such as catalase (cta1), glutathione peroxidase (gpx1), thioredoxin (trx2), glutaredoxin (grx1), glutathione-Stransferase (SPAC688.04), and metallothioneine (zym1), predicted protease genes (SPCC4G3.03, SPCC338.12, and isp6) as well as a gene involved in ubiquitination (SPAC2C4.15c) and gpd1 (encoding glycerol-3-phosphate dehydrogenase). Surpris- Table 1 are from GeneDB at http://www.genedb.org/genedb/pombe/index.jsp, some of them being edited by hand. Fifty-two additional proteins with no known function are not listed here (see our website for complete gene list).
Vol. 14, January 2003ingly, we identified within the CESR only two heat shock proteins (hsp16 and hsp9) and two genes predicted to be involved in DNA repair (SPBC23G7.11 and cmb1). The CESR also included SPBC725.10 encoding a homolog of the mammalian peripheral-type benzodiazepine receptor, which is thought to control mitochondrial functions including steroid biosynthesis (Papadopoulos et al., 2001) . Given the central role mitochondria play in mammalian stress/apoptotic pathways, this observation may point to a function for benzodiazepine receptors in stress resistance. Several CESR genes encode putative or known regulatory proteins, which may either directly control the activity of stress protective proteins or may function in secondary responses facilitating adaptation to stress. These include the transcription factor genes atf1 and pcr1, which have well known roles in stress-dependent transcription, as well as signaling protein genes, including mpr1 (involved in a twocomponent pathway) and srk1 (encoding a kinase similar to S. cerevisiae Rck2p). Rck2p is phosphorylated by the Hog1p MAPK in response to osmotic stress, and recent studies in S. pombe have shown that Srk1p and a related protein kinase, Cmk2p, interact with, and are phosphorylated by Sty1p (Sanchez-Piris et al., 2002; Smith et al., 2002) . Moreover, Sty1p is required for induction of srk1 (see below), and the Sty1p-Srk1p signaling pathway may therefore be amplified by positive feedback in response to stress. Genes encoding the protein kinase A (PKA) catalytic (pka1) and regulatory (cgs1) subunits were also induced in the CESR, as they are in S. cerevisiae. Thus, the PKA pathway may play a conserved role in regulating events after environmental stress.
Repressed CESR Genes. Stress also triggered down-regulation of many genes ( Figure 1A ). Using the same criteria as for induced CESR genes, only 11 genes were identified. Gene repression was generally weaker in sorbitol and MMS stresses, although many genes are stereotypically repressed (Figure 1) . Therefore, we defined repressed CESR genes as being reproducibly down-regulated twofold or greater in three of the five stresses (list available from our website). As for the induced CESR genes, the 106 repressed CESR genes are somewhat arbitrary but provide a representation of the types of genes that are consistently repressed in several stresses. These genes are mainly associated with protein synthesis (ribosome and tRNA synthesis and RNA processing, splicing, and translation initiation), transport, transcription (RNA polymerase I, II, and III subunits), cellular signaling, and cytoskeletal organization.
Comparison Between Fission and Budding Yeasts. As discussed above, there are some striking similarities between the S. pombe CESR genes and the S. cerevisiae ESR/CER genes (Gasch, 2002) . To see whether there is a significant overlap between the core stress genes of the two yeasts, we performed a systematic comparison. Of 364 ESR/CER genes that were induced in either or both budding yeast studies, 141 genes had fission yeast orthologs (see "Materials and Methods"). Comparing these genes with the CESR genes of Table 1 revealed an overlap of 29 genes. This is highly significant as just 3 genes are expected by chance. The number of overlapping genes can be increased by choosing the fission yeast CESR genes based on the cluster of Figure 1A . This is less conservative, and corresponds closer to the definition of the ESR/CER genes in the budding yeast studies.
Of 314 such genes, 144 had budding yeast orthologs, 49 of which corresponded to ESR/CER genes (Figure 3) . A corresponding analysis of repressed CESR and ESR/CER genes showed an even more significant overlap between the two yeasts (221 genes; Figure 3 ). This comparison shows that stress-induced changes in many genes are evolutionarily conserved in these distantly related yeasts.
The Specific Environmental Stress Response (SESR)
Having defined the CESR, we then characterized individual stresses and identified SESR genes, which are likely to play a more specific role in stress adaptation. SESR genes can be subdivided into genes that appeared to be "stress-specific" and those whose induction was shared by two or three of the stresses examined but did not meet the criteria for inclusion in the CESR. To determine the extent of overlaps between stresses, we examined the SESR genes that were induced at least twofold in more than one stress. The most extensive overlap was between H 2 O 2 and heat stress, with 200 genes shared. There was also a substantial overlap between H 2 O 2 and cadmium as well as between heat and cadmium stresses. Interestingly, although MMS stress led to the induction of relatively few genes, it shared most of them with H 2 O 2 (see below). These overlaps indicate that certain stresses have similar consequences, resulting in the mobilization of the same defense genes. Below, we describe genes that were regulated in a "stress-specific" way or were superinduced in a given stress.
Hydrogen Peroxide Stress. All cells must maintain antioxidants and enzymes to break down reactive oxygen species. Oxidative stress occurs when the cellular redox balance is upset. Transcriptional responses of S. pombe to H 2 O 2 vary with the concentration of oxidant . Here, we describe the response to an intermediate level of H 2 O 2 , which incorporates elements of low and Comparison of core stress genes in fission and budding yeasts. Conserved genes that are part of the CESR (this study) were compared with genes that are part of the ESR and/or CER Causton et al., 2001 ) using an ortholog table (see "Materials and Methods"). Left side: induced genes; right side: repressed genes. The numbers of overlapping genes between the chosen gene groups are shown in the Venn diagrams (lists available from our website). Only genes with orthologs in the other yeast were included in the comparison. The numbers in brackets represent the overlap expected by chance, given the sizes of the gene sets considered and the total number of 2842 genes with orthologs. The overlaps are highly significant, both for induced genes (P ϳ 2 ϫ 10 Ϫ30 ) and for repressed genes (P ϳ 9 ϫ 10 Ϫ131 ).
high doses of H 2 O 2 . We identified 56 genes whose expression was altered specifically in response to oxidative stress (list available from our website). In addition, a number of genes encoding critical components of the oxidative stress response, such as catalase and peroxidases, were included within the CESR, and 12 of these were super-induced by H 2 O 2 , implying that reactive oxygen species are generated by various stresses. Of the H 2 O 2 -specific genes, trr1, SPAC869.02c, and obr1 (encoding thioredoxin reductase, a probable flavohemoprotein, and a predicted benzoquinone reductase, respectively) are also predicted to function in antioxidant pathways. H 2 O 2 also induced genes encoding membrane transporters such as hba2 and SPBC609.04 as well as SPAC22G7.08, which encodes a predicted Ser/Thr kinase involved in regulating membrane transport and ion homeostasis. Several H 2 O 2 -specific or super-induced genes are involved in riboflavin (vitamin B6) and pyridoxine (vitamin B2) use or synthesis, suggesting an increased requirement for the B vitamin-derived coenzymes and pyridoxal phosphate. Relatively little is known about the antioxidant potential of B vitamins, although recent studies have shown that pyridoxine can quench singlet oxygen and protect against superoxide mediated damage in diabetic patients (Bilski et al., 2000; Jain and Lim, 2001) . Both H 2 O 2 and heat stress induced the expression of Tf2 and related long-terminal-repeat containing retrotransposons. In addition, both stresses also induced two genes required for late steps in Tf2 transposition: pst1 (encoding a homolog of budding yeast Sin3p) and tlg1b (encoding a t-SNARE protein related to syntaxin). Thus, some stresses may trigger a retroviral transposition response within the cell.
Cadmium Stress. The heavy metal cadmium (Cd) is a common environmental contaminant, which can react with thiol groups on proteins with myriad physiological consequences. Cells control levels of heavy metals primarily by sequestration, using either metallothioneins in mammalian cells or glutathione (GSH) and phytochelatin (PC; a polymer of GSH) in yeast and plant cells, respectively. We found that Cd elicits a complex transcriptional response, incorporating facets of heat and H 2 O 2 stress responses in addition to more Cd-specific responses. A set of 32 genes was unique to Cd treatment and two CESR genes were super-induced in response to Cd (list available from our website). Some of these genes (e.g., SPAC869.05c, encoding a predicted sulfate transporter) presumably participate in the sulfur amino acid biosynthetic pathway. This pathway is required for the synthesis of GSH and PC, which bind Cd and are subsequently pumped into the vacuole via GSH-and PC-dependent membrane transporters such as Hmt1p. The expression levels of hmt1, the genes encoding GSH synthases (gcs1 and gsh2), and pct1 (encoding PC synthase) were not changed in our experiment. However, a gene for a GSH transporter was induced (SPAC29B12.10c; homologous to the budding yeast Hgt1p transporter). Thus, scavenging of GSH from the external milieu rather than GSH synthesis may be the initial reaction of fission yeast to Cd stress. To test this, we deleted SPAC29B12.10c and found that the mutant strain was indeed hypersensitive to Cd (W.M. Toone, unpublished results).
In S. cerevisiae, GSH is synthesized, along with the sulfur containing amino acids methionine and cysteine, through a series of reactions starting with sulfate assimilated from the environment. Although most genes in the S. cerevisiae sulfur amino acid pathway are induced by Cd (Fauchon et al., 2002) , only a select group of S. pombe genes were induced. Thus, either the regulated expression of genes in the pathway differs between the two organisms, or the pathways themselves are fundamentally different.
Cd also specifically induced genes encoding potential zinc (Zn) transporters (SPBC16D10.06 and SPBP26C9.03c; homologous to budding yeast Zrt1p and Fet1p, respectively). Because Cd can displace metal ions from proteins (Stohs and Bagchi, 1995) , a reason for Cd toxicity may be the depletion of Zn. Therefore we compared our Cd response with S. cerevisiae experiments monitoring the response to Zn limitation (Lyons et al., 2000) . In addition to the Zn transporters above, the Cd-specific genes included two similar genes of unknown function (SPAC1348.06c and SPAC977.05c), whose S. cerevisiae homologs (YGL258w and YOR387c, respectively) were also induced during Zn limitation. Moreover, the Cd-specific gene SPAC5H10.06 had a S. cerevisiae homolog that was induced by Zn limitation (ADH4; encoding an iron-dependent, Zn-independent form of alcohol dehydrogenase). These similarities between the responses support the idea that Cd leads to Zn depletion or alters the way that this metal is utilized in the cell.
Heat Stress. Studies in several organisms have shown that cells induce the synthesis of a set of heat shock proteins (HSPs) in response not only to heat, but also to other stresses (Cotto and Morimoto, 1999) . These highly conserved proteins limit stress-induced damage by sequestering denatured proteins, thus preventing aggregation and facilitating either protein refolding or degradation. There are at least 17 members of the HSP protein families in the S. pombe genome, and their expression profiles are shown in Figure 4 . Two main clusters were evident: four genes were repressed under all stresses examined, and the remaining genes were induced to varying degrees mainly by heat and, to a lesser extent, by Cd. hsp16 and hsp9 are part of the CESR (Table 1) . A number of HSP-associated proteins, including those encoded by SPBC1711.08 and sti1, were among the heat-specific genes and showed similar expression profiles as the induced hsp genes. In total, 31 genes were specifically induced or super-induced by heat (list available from our website). This includes genes predicted to participate in the ubiquitin pathway, wis2 (encoding a cyclophyllin), and SPBC1711.12 (encoding a dipeptidyl peptidase), all of which are probably involved in protein folding or degradation.
Osmotic Stress. Exposure of cells to high osmolarity leads to dehydration, collapse of ion gradients over the plasma membrane, and decreased viability. Thirteen genes were identified as sorbitol specific, whereas eight CESR genes were super-induced by sorbitol (list available from our website). The primary response to osmotic stress is the accumulation of internal osmolytes (mainly glycerol), allowing the cell to retrieve water from the environment. Consistent with this, the CESR gene gpd1 (involved in glycerol synthesis) was most highly induced in sorbitol, whereas SPAC977.17 (encoding a predicted membrane protein regulating glycerol export) was specifically repressed in sorbitol. Among the sorbitol-specific genes, SPAC22A12.17c and SPACUNK4.17 (encoding putative sugar oxidoreductases) may be involved in sorbitol utilization. Other genes include SPAC25B8.12c (encoding a hydrolase short chain dehydrogenase), SPCC794.04c (encoding a Major Facilitator Superfamily [MFS] transporter), as well as SPCC1183.11 and SPAC2C4.17c (encoding proteins with mechanosensitive ion channel domains). Three genes (atf21, SPCC320.03, and SPAC6B12.07c) encode predicted transcription factors that may play roles in regulating the osmotic stress response.
MMS Stress.
MMS is an SN2-type alkylating agent that predominantly methylates nitrogen atoms in purines, but will also methylate proteins. Only two genes (abc1; ABC transporter, and SPAC4F10.10c; putative role in N-glycosylation) were specifically induced by MMS, and generally few genes known to be involved in DNA repair were induced. Interestingly, there was substantial overlap between SESR genes induced by MMS treatment and those induced by exposure to H 2 O 2 . These genes include trr1 (encoding thioredoxin reductase), SPBC609.04 (encoding a MFS multidrug efflux transporter), SPBC409.13 (encoding 6,7-dimethyl-8-ribityllumazine synthase), and SPCC663.08c/ SPCC663.06c (encoding short chain dehydrogenases). Similar results of overlapping responses between oxidative and MMS stress were found in S. cerevisiae (Gasch et al., 2001) . These data suggest that there is either a stress component shared between MMS and H 2 O 2 exposure, or that MMS and H 2 O 2 can activate a common regulator, resulting in induction of a similar set of genes. A likely regulator of these genes is Pap1p in S. pombe and the homologous Yap1p in S. cerevisiae. A prediction from this observation is that short-term exposure to H 2 O 2 induces protection from high doses of MMS or vice versa. Therefore we tested the ability of cells pretreated with a low concentration of H 2 O 2 (0.07 mM) for 1 h to survive treatment with a high concentration of MMS (0.2%). Similarly, we examined the ability of cells pretreated with a low dose of MMS (0.02%) to survive a potentially lethal dose of H 2 O 2 (25 mM). Although low doses of MMS were able to protect cells from high levels of H 2 O 2 , low doses of H 2 O 2 failed to induce protection against MMS. Interestingly, microarray analysis showed that low levels of H 2 O 2 were able to induce oxidative stress response genes but were too low to induce CESR genes (D. Chen, unpublished data). This raises the possibility that cross protection requires induction of the CESR.
Regulation of Transcriptional Responses to Stress
The Sty1p MAPK acting on the transcription factor Atf1p plays a central role in stress responses (see "Introduction"). To characterize the roles of these proteins in regulating stress genes, we performed microarray analyses with sty1⌬ and atf1⌬ cells subjected to the same five environmental stresses as the wild-type cells. Figure 5A shows a cluster analysis of the induced and repressed CESR genes under the five stress conditions in wild-type, sty1⌬, and atf1⌬ strains. The majority of induced CESR genes depended on Sty1p and, to a lesser extent, on Atf1p for up-regulation. Interestingly, distinct subclusters of genes were evident within the CESR, with the major gene classes labeled in Figure 5A (lists available from our website). Class 1 genes require Sty1p and Atf1p for both basal and stress-induced gene expression; class 2 genes require Sty1p and Atf1p for full stress induction, but not for basal levels of expression; class 3 genes are dependent on Sty1p for induction, but do not generally require Atf1p; and class 4 genes are independent of both Sty1p and Atf1p for stress induction. Interestingly, these classes may correlate with gene functions. Class 1, for example, contains many genes involved in redox regulation (including cta1, grx1, and gpx1), whereas class 3 contains few genes encoding stress protective proteins but is enriched in regulatory factors (including those encoding the Srk1p kinase, Mpr1p signaling protein, Pka1p kinase, Cgs1p, the Pka1p regulatory protein, and the Ptc1p phosphatase). Thus, Sty1p appears to play multiple roles in controlling the levels of various stress response factors. The relative role of Sty1p and Atf1p in controlling the CESR is quantified in Figure   Figure 4 . Expression profiles of HSPs in response to stress. Seventeen members of the conserved family of HSPs were clustered based on their expression patterns in the five timecourse experiments. Details are as described in the legend of Figure 1A . A gene tree (dendrogram) based on similarities in expression across all conditions is shown on the left. Gene names are given at right, together with a classification into major Hsp families (in parentheses). induced and 109 repressed CESR repressed genes as defined in "Materials and Methods" were clustered based on their expression patterns in wild-type, sty1⌬, and atf1⌬ cells in response to the five stress conditions. Details are as described in the legend of Figure 1A . Major classes of genes are indicated on the right side (see main text for details). (B) Comparison between the regulation of induced CESR and SESR genes. The histogram shows for each stress the percentages of stress-induced genes that were dependent on Sty1p (gray), as well as the percentages of Sty1p-dependent genes that were also dependent on Atf1p (black). Left side: CESR genes; right side: SESR genes. 5B (left side). The majority of CESR genes were Sty1p dependent, and among these genes, the majority was also Atf1p dependent. In conclusion, Sty1p plays a critical role in regulating the CESR in all stresses, although some genes (class 4) can be induced in the absence of Sty1p. Because Sty1p controls the expression of more genes than Atf1p, it is likely that Sty1p regulates additional transcription factors.
Regulation of CESR Genes.
Sty1p may also play a role in repressing CESR genes: a large proportion of them are derepressed in sty1⌬ cells (class 5 genes in Figure 5A ). However, the role of Sty1p in controlling these genes varied depending on the stress. For oxidative stress, the expression of 91 out of 106 repressed CESR genes were at least twofold higher in sty1⌬ cells compared with wild-type cells, whereas gene repression was less dependent on Sty1p in the other stresses. Moreover, repression of CESR genes seemed to be virtually independent of Atf1p, with the exception of the few class 7 genes that were super-induced in sty1⌬ and atf1⌬ cells under most conditions. Class 6 genes were repressed independently of either Sty1p or Atf1p.
Regulation of SESR Genes. Figure 6A shows a cluster analysis of the expression of induced SESR genes in the five stress conditions in wild-type, sty1⌬, and atf1⌬ strains. The proportion of the Sty1p-and Atf1p-dependent genes among the SESR was smaller compared with those in the induced CESR genes ( Figure 5A ). This finding is quantified in Figure 5B (right side). Moreover, the contribution of Sty1p and Atf1p in regulating SESR genes varied considerably from stress to stress, e.g., Sty1p played an important role during H 2 O 2 and sorbitol stresses but was less critical for controlling SESR genes in the other stresses.
We also investigated the roles of Sty1p and Atf1p in controlling "stress-specific" genes, which form a subgroup of the SESR genes ( Figure 6B ). As for the SESR genes as a whole, the numbers of Sty1p-and Atf1p-dependent "stressspecific" genes varied depending on the stress, but the expression of these genes was clearly less dependent on these two regulators than were the CESR genes. For example, the expression of HSP genes was independent of Sty1p or Atf1p, with transcription levels remaining unaffected or slightly induced in both deletion mutants. The only exception to this was hsp9, a CESR gene, which was Sty1p and Atf1p dependent (Figure 4) . sty1⌬ cells are profoundly sensitive to Cd treatment, whereas atf1⌬ cells show increased resistance to Cd relative to wild-type cells . Sty1p was only required for induction of two out of 34 Cd-specific genes; therefore, the Cd-sensitive phenotype of sty1⌬ cells may reflect their inability to induce a CESR or Sty1p may play additional roles in stress resistance that are independent of gene expression changes. Interestingly, a number of Cd-specific genes (including those encoding sulfate permeases, an F-box protein, and an MFS transporter), as well as a CESR gene encoding neutral trehalase were superinduced in atf1⌬ strains. This may explain the Cd-resistant phenotype of atf1⌬ cells, even in the absence of a substantial portion of the CESR.
Unlike in heat and Cd stress, H 2 O 2 -and sorbitol-specific genes were largely dependent on Sty1p. Intriguingly, sty1⌬ cells showed a delayed response in sorbitol, wherein a new set of genes, not normally induced by osmotic stress, was turned on. This observation suggests that in the absence of an immediate response to osmotic stress (in sty1⌬ cells), the cell compensates by activating alternative stress response pathways to deal with secondary stresses resulting from unchecked osmotic stress. This is consistent with our finding that a similar set of genes was derepressed in untreated sty1⌬ cells, possibly reflecting a mechanism to compensate for the absence of basal expression levels of several CESR genes in this mutant (genes lists available from our website).
Promoter Motif Analyses. Having defined various groups of genes that were coexpressed under different stress conditions, we performed systematic promoter analyses to detect common regulatory elements. Table 2 shows an overview of the most statistically significant patterns found. We found variations of the known and conserved ATF/CRE motif (KWCGTCA: Jones and Jones, 1989; TGACGTCA: Hai and Hartman, 2001) among the induced CESR genes (Table 2) as well as among genes that were dependent on both Sty1p and Atf1p for stress induction (K. Kivinen, unpublished results) . This is consistent with the role of this motif as a binding site for the Atf1p family of transcription factors. The ATF/CRE motif was also present in a group of genes that were Sty1p-dependent in unstressed cells ( Table 2 ), suggesting that this motif is also used for the basal level of expression of some stress genes.
We also discovered potential novel regulatory motifs. A pattern was found among genes that were dependent on Sty1p but not on Atf1p for stress induction (Table 2 ; list available from website). The significance of this motif is marginal, but all 13 occurrences were within 600 base pairs from the start codon. This motif might be required for an unidentified transcription factor that is activated by Sty1p and regulates gene expression independently of Atf1p. Interestingly, Atf1p itself contained this motif in its promoter. It is noteworthy that the ATF/CRE motif was absent within 2000 base pairs upstream of the start codon in all those genes.
Finally, we found three sequence motifs among genes that were derepressed in sty1⌬ mutants. This group of genes was further divided into genes that required both Sty1p and Atf1p for repression, and those that required Sty1p but not Atf1p for repression (list available from website). One of the three motifs was found in both subgroups and can therefore be regarded as a general pattern of this gene group, whereas the two other motifs were found only among the genes that were independent of Atf1p for repression ( Table 2 ). The two latter motifs were all found within 600 base pairs upstream of the start codons. With one exception, each motif was present only once per gene, sometimes in combination with the other motif. None of the Sty1p repressed genes showed any ATF/CRE-like motif within 2000 base pairs upstream of their start codons. In conclusion, we were able to identify both known and potentially novel motifs within some, but not all, of our groups of coexpressed genes. Further work will be required to learn more about the biological significance of these motifs.
DISCUSSION
This paper characterizes transcriptional programs of fission yeast to a range of environmental stresses. We describe a common stress response, which is regulated primarily by the Sty1p MAPK pathway. In addition to the CESR, the cell initiates gene expression programs more specific to each stress or Figure 6 . Regulation of SESR genes. (A) Approximately seven hundred SESR genes (including "stress-specific" genes) that were twofold or greater upregulated in fewer than four stress experiments were clustered based on their expression patterns in wild-type, sty1⌬, and atf1⌬ cells in response to the five stress conditions. Details are as described in the legend of Figure 1A. (B) One hundred twenty-eight "stress-specific" genes as defined in "Materials and Methods" were clustered based on their expression patterns in wild-type, sty1⌬, and atf1⌬ cells in response to the five stress conditions. The stress specificities are indicated on the right side. Details are as described in the legend of Figure 1A. subsets of stresses. These specialized programs may involve Sty1p and/or as yet uncharacterized stress-specific regulatory factors. It should be noted that microarrays measure differences in mRNA levels, which may reflect regulatory changes in transcription and/or in mRNA turnover (e.g., Fan et al., 2002) .
The CESR contains genes whose expressions change stereotypically with stress. We have identified ϳ140 induced and ϳ100 repressed genes that provide a representative sample of the general response to stress. The predicted functions of CESR genes suggest that stressed cells selectively reprogram a wide range of activities, including carbohydrate metabolism, protein synthesis, and several other metabolic functions, possibly to save energy by limiting growth-related activities and to synthesize stress-protective molecules and cofactors. CESR genes may be controlled by known and predicted regulators that form part of the CESR, such as b-ZIP and Zn-finger transcription factors, phosphatases, a Sty1p-interacting protein kinase, and components of the PKA pathway. There was significant overlap between genes of the CESR and genes of the CER/ESR, recently described in S. cerevisiae (see "Introduction"). This suggests that a general response to stress, involving similar gene sets, is evolutionarily conserved. This conservation is in contrast to genes induced during meiotic differentiation, where the overlap between S. pombe and S. cerevisiae is surprisingly small, given the large numbers of genes that are regulated (Mata et al., 2002) .
The CESR and ESR/CER responses discovered through DNA microarray analysis are manifestations of the general stress response described previously (reviewed by Siderius and Mager, 1997) . The general stress response was postulated to explain the phenomenon of cross-protection, wherein exposure to a nonlethal dose of one stress can protect against a potentially lethal dose of a seemingly unrelated stress. The degree of cross-protection varies depending on the stress and is not always reciprocal, indicating that stress-specific responses are required for full protection. General stress resistance is also associated with nutrient deprived cells, cells in stationary phase, and differentiated spores. Indeed, the CESR is activated during nitrogen starvation (J.M., unpublished data), and at least some of the CESR genes are also induced during sporulation (Mata et al., 2002) .
The CESR, irrespective of the type of stress, seems to be controlled predominantly by the Sty1p protein kinase and, to a lesser extent, by the Atf1p transcription factor. This is in contrast to S. cerevisiae, where the ESR/CER is not governed by one "all-purpose" regulatory system. Instead, different signaling pathways and transcription factors, acting in response to specific stress conditions, control a common set of genes ( Figure 7 ). For example, in response to osmotic stress, the Hog1p MAPK pathway is critical for induction of ESR genes (O'Rourke et al., 2002) , whereas MMS induces similar genes through a pathway that requires the Mec1p kinase (Gasch et al., 2001) . Thus, S. pombe and S. cerevisiae appear to use different regulatory strategies to achieve similar outcomes.
The sorbitol stress response in S. pombe depended on Sty1p, both for CESR and stress-specific gene expression, possibly reflecting the evolutionary origin of the stress-activated MAPK pathway. The S. cerevisiae Hog1p pathway, which is homologous to the Sty1p pathway, is required specifically for the response to osmotic stress (O'Rourke et al., 2002) . Thus, the stress-activated MAPK pathway may have evolved to control osmotic stress (as is still evident in budding yeast) and later acquired a more general role of stress regulation (as in fission yeast and Metazoa). Alternatively, the S. cerevisiae Hog1p kinase evolved away from an ancestor with a more general function.
Regulation of the CESR by Sty1p appears to be complex, with some genes requiring the kinase for both basal and stressinduced expression and others requiring it only during stress. The only known transcription factor target for Sty1p is Atf1p, which binds the conserved ATF/CRE promoter motif (Hai and Hartman, 2001 ). This motif was enriched in the CESR genes and other gene groups that showed Sty1p-and Atf1p-dependent transcription. The differences in expression profiles exhibited between sty1 and atf1 mutants suggest that Sty1p may interact with additional downstream regulators to control various aspects of gene expression. We identified a potential regulatory motif for an unidentified transcription factor among the genes that depended on Sty1p, but not on Atf1p, for stress induction. Interestingly, the induction of most genes directly involved in stress defense depended on Atf1p, whereas genes with regulatory functions tended to be induced by Sty1p independently of Atf1p. Notably, a number of genes were derepressed in sty1 or atf1 mutants, both in stressed and unstressed cells. This may reflect indirect cellular responses to compensate for the problems caused by the absence of these regulators. For example, the basal gene expression levels of many CESR genes were reduced in both sty1 and atf1 mutants, which may lead to stress. However, it is possible that Sty1p and/or Atf1p also play direct roles in repressing gene expression. In fact, a previous study has suggested that Atf1p can both induce and repress genes depending on the Sty1p phosphorylation state (Degols and Russell, 1997) . A role for Sty1p in down-regulating gene expression was also apparent from our finding that some CESR genes required Sty1p for repression. How Sty1p and/or Atf1p might control repression of gene expression is not known, but putative regulatory motifs were present in the promoters of Sty1p-repressed genes.
We also examined gene expression programs activated only under certain stress conditions. There were relatively few genes whose expression changes were absolutely specific to particular stresses. Analyses of SESR genes, either specific to a given stress or shared with other stresses, will aid in our understanding of the types of damage and alterations to metabolism caused by various stresses. Besides its role in the CESR, the Sty1p pathway also controls subsets of "stress-specific" genes, with the requirements varying depending on the stress. For example, heat-specific gene expression was independent of Sty1p, whereas H 2 O 2 -specific gene expression depended to a large part on Sty1p. The characterization of the cation-specific induction of cta3 in S. pombe illustrates how Sty1p may regulate stress-specific genes (Greenall et al., 2002) . cta3 encodes a cation transporter, whose induction requires both activation of Sty1p and derepression of the Tup11/12p complex. In the absence of Tup11/12p, the cta3 promoter becomes responsive to other stresses regulated by Sty1p. Using similar mechanisms, Sty1p may be co-opted to regulate a range of specialized responses and thereby coordinate the CESR with the appropriate specific response.
Our results indicate that there are stress-specific regulators acting independently of Sty1p. Most of these factors, however, are as yet uncharacterized. Heat shock, for example, induced several genes functioning in protein folding or degradation in the absence of Sty1p. A subset of these genes was also induced with H 2 O 2 and Cd. How only a portion of the heat shock response is activated by these other stresses is an interesting regulatory problem. A likely factor controlling the response to heat is Hsf1p. Intriguingly, S. pombe Hsf1p contains distinct sequences in its C-terminal domain that are responsive to different stress stimuli and are required for the activation of different subsets of heat stress proteins (Saltsman et al., 1999) . This may explain how some genes of the heat shock response are also activated by other stresses.
Pap1p is a redox-sensitive transcription factor involved in regulating oxidative stress responses as well as drug and heavy metal resistance. Pap1p is particularly important for gene induction in response to low levels of H 2 O 2 , whereas Atf1p becomes the predominant transcription factor with increasing levels of H 2 O 2 , resulting in the induction of a different set of genes . We have characterized this dosedependent switch in transcription factors and target gene expression at the whole genome level (D. Chen, W.M. Toone, J. Mata, G. Burns, N. Jones, and J. Bähler, manuscript in preparation) . Similarly variegated responses are likely to be found by varying the intensity of other environmental stresses. In this study, 0.02% MMS induced only two stress-specific genes and failed to induce a DNA damage response. Using a similar MMS concentration with S. cerevisiae, Gasch et al. (2001) observed induction of a surprisingly small cluster of DNA damage-specific genes. In contrast, Jelinsky et al. (1999) used a higher dose (0.1% MMS) and observed a robust DNA damage response. These studies suggest that noxious compounds may cause different types of damage and induce different responses depending on the dose used.
Stress responses varied not only in the type of genes involved but also in the kinetics of gene expression. For example, heat and sorbitol stress showed a rapid and transient response to stress, whereas gene induction during H 2 O 2 stress continued to increase over the course of the experiment. In all cases, stress was continually applied throughout the experiment. Thus, cells appear to adapt to some situations and return to homeostasis more readily than to others, although a delayed response may also reflect the time taken for a particular stress to take effect. It would be interesting to determine if the adaptation seen in heat and osmotic stress is due to active down-regulation of Sty1p and inactivation of the response or due to a more efficient adaptation in these conditions, eliminating the need for continued Sty1p activity.
Global transcriptional responses to stress have now been examined in some detail using gene expression profiling in both S. cerevisiae and S. pombe. The transcriptional programs consist of general and stress-specific responses. Although both yeasts induce a similar set of general stress genes, there are striking differences in the regulatory pathways used for stress responses. Stress adaptation and cross protection will likely require a combination of general and specific genes, depending on the type and intensity of the stress. In addition, some stresses cause similar types of damage and therefore induce similar sets of proteins. All eukaryotic cells have mechanisms for dealing with stress. Even within the protected confines of the human body, cells can experience fluctuations in osmolarity, exposure to noxious agents, and variations in the levels of oxygen and reactive oxygen species. Some responses, such as ischemic-reperfusion injury, are closely associated with pathology. Many of the factors important for regulating stress responses, including MAPK signaling pathways and AP-1 transcription factors, are conserved from yeast to human. It is therefore likely that lessons learned from stress responses in yeast will facilitate the understanding of how cells in general respond to a changing environment.
